Obtaining compositional information for objects from a distance remains a major challenge in chemical and biological sensing. Capitalizing on mid-infrared (IR) excitation of molecules by using quantum cascade lasers (QCLs) and invoking a pump-probe technique, we present a variation of the photothermal process that can provide spectral fingerprints of substances from a variable standoff distance. We have evaluated the modal variations of the QCL beam that must be taken into account when applying QCLs for photothermal measurements. The results compare well with spectra obtained from conventional IR spectroscopy. Guided by the results, the potential of the measurements to be extended such that each point within a target region may be spectrally interrogated to form a hyperspectral image is discussed.
Introduction
Yielding spectroscopic information from the surface of objects at a distance requires remote excitation. Following such an excitation, collection of the ensuing radiation emitted by the molecules to be detected is particularly challenging due to scattering and interference with the substrate and the superstrate.
While previous standoff studies have demonstrated the gathering of the radiation emitted as a result of direct scattering of the excitation photons [1] , or the thermal emission [2] , there exists a rich history of techniques based on photothermal spectroscopy (PTS) that may be able to obtain spectral information from a substance without the need to collect the scattered radiation. Using one or more probe beams, the resulting changes in thermo-physical and thermo-optic properties occurring at or near the site of the electromagnetic interaction of a pump beam may be monitored. One significant thermal effect that is monitored is the change in refractive index of both the sample and air near the absorption site [3] [4] [5] [6] [7] , often raster-scanned in 1D or 2D to obtain thermal profiles across heterogeneous regions. Further observable effect is the spatial expansion due to the change in the thermal state of the material, where the volumetric changes expressed in the sample surface may be profiled [8] .
Compositional analysis via vibrational spectra, such as the analysis of infrared (IR) absorption signatures, has been shown possible using variable wavelength pumps in early works of IR photoacoustic spectroscopy (PAS) [9] [10] [11] [12] [13] [14] . IR PAS has been carried out using the tunable lines of the CO 2 laser (9.2-11.4 µm) [9, 11, 12] and dispersive or broad-band sources [10, 13, 14] . Given that a limitation in the PAS configuration is the sample requirement of close proximity or contact with the transducer, subsequent vibrational spectroscopy using non-contact photothermal methods have been developed. In this respect, to the best of our knowledge, only two configurations have been demonstrated: the mirage effect and photothermal deflection spectroscopy (PDS). In early work by Low et al in 1982 , the mirage detection of the bending of a probe beam running orthogonal through the CO 2 beam was used to obtain absorption spectra of very low scattering "black" samples [4] . In an early demonstration of PDS by Reddy in 1983, the deflection of a probe beam through a transparent cell that was modulated by a dye laser beam was used for vibrational overtone spectroscopy to detect overtone transitions in benzene gas [5] . Although these PTS methods for vibrational spectroscopy continue to be used today, they are not scalable to remote analysis. Another common pumpprobe PTS configuration where the probe beam is positioned nearly parallel to the pump [6, 7] , and thus being scalable to The concept of pump-probe standoff hyperspectral imaging using QCL-based photothermal spectroscopy of a target surface. The modulated QCL pump thermo-optically stimulates the surface via an available molecular channel. The minimally invasive probe beam (red) impinging on the same exposed surface location monitors the thermal response of the specimen, which yields the absorption spectra of the molecular composition of the target.
longer distances, had not been previously demonstrated for vibrational spectroscopy. Recent advancements in coherent IR sources such as the quantum cascade laser (QCL) [15] allow delivery of well-defined tunable beams in a precise range of wavelengths where IR absorption bands of interest reside. Thus, QCLs along with other IR lasers have become attractive IR sources for photothermal standoff detection of explosives and essentially employ two return-signal methods: thermal IR imaging and scattered IR radiation collection [16] . The thermal contrast of sample surfaces heated by QCLs with only selected absorption lines have been imaged with a thermal IR camera and interpreted for explosives identification [2] . In the radiation collection method, a continuous spectrum of scattered IR radiation from the QCL source was measured and compared with known absorption spectra of explosives [1] . However, employing the well-established pump-probe PTS configurations for the return signal in standoff applications have been absent. Furthermore, to our knowledge, the crucial consideration of the wavelength-dependent modal variations of the QCL beam in photothermal measurements has not been reported. Similar to other remote sensing techniques such as radio detection and ranging (RADAR), and light detection and ranging (LIDAR), our QCL-based PTS requires a return signal, that is, a carrier of information of a characteristic property of the molecules to be detected. Using pulsed and/or continuous laser beams, a number of spectroscopic approaches have been attempted that provide vibrational and/or electronic information on the targeted molecules. For example, differential infrared absorption LIDAR (DIAL) [17, 18] or Raman scattering (RS) [19] , provide signatures of the targeted chemicals via the vibrational spectra of the targeted molecules, while other LIDAR-like spectroscopies such as laser-induced breakdown (LIBS) [20] or laser-induced fluorescence (LIF) [21] , provide electronic spectra of the targeted molecules. Both LIBS and LIF are promising techniques to provide molecular information of the chemical composition (or the decomposition fragments) of the target material. In LIF spectroscopy the radiation associated with the spontaneous decay of photonexcited molecular states is detected, while in LIBS the target is laser-ablated into a plasma from which radiation is detected when excited electrons and ions decay into their ground states. In such cases, the adsorbed molecular film bound to the target surface will have to be vaporized by a laser beam.
In this paper, as shown in figure 1, we introduce a PTS technique scalable to long distances where a QCL pump and integrated laser probe system are able to detect the temperature induced changes in a target surface that are representative of the IR absorption spectra of the sample. The presented photothermal approach differs from previous work primarily in the following: (1) we demonstrate the application of vibrational spectroscopy using the PTS configuration where the pump and probe beams are nearly parallel; (2) we use probe beam reflectometry as the return signal in standoff applications thereby minimizing the need for expensive IR components such as cameras, telescopes and detectors; (3) we take into account the wavelength-dependent modal variations of the QCL pump source in the measured signal. Complex compounds such as cellulose, polystyrene, organophosphate pesticide, as well as common substances such as cosmetics and acrylic enamel paint were evaluated. The results suggest that chemical identification of remote substances through interpretation of their pump-probe PTS is a viable approach to standoff detection.
Experimental setup
The experimental configuration of the presented variation of PTS, shown in figure 1, employs a QCL pump (Daylight Solutions, Inc., Poway, CA) that delivers IR light to the target surface in the range 9.26-9.8 µm which is electronically tunable at a precision of 0.01 nm, 0.2 kHz, 0.02 µs pulse width and 1 mA. The thermal response of the sample was measured at 40 Hz. Electronically modulating the QCL at this low rate leads to low average pump power. To increase the average pump power, the QCL was modulated electronically to maximize its average output (100 kHz, 0.5 µs pulse width, 1000 mA). This rate is sufficiently high that the sample significantly only responds to the average power. Thus, an external (mechanical) chopper at 40 Hz further modulated the pump power incident on the sample to allow lock-in detection of the sample response.
The probe beam was delivered from a 5 mW 632.8 nm HeNe laser to the location of the thermal disturbance. A HeNe laser was used as the source of the probe beam primarily due to (1) well-defined Gaussian beam profile for focusing and controlling overlap with the pump beam, (2) power stability and the ease of power measurements and control, (3) availability of fast, accurate and compact detectors in the visible range and (4) lower absorption in the "fingerprint" part of the spectrum. The probe laser is reduced in power to less than 1 mW with a 1.0 neutral density filter so that thermal stimulation from the probe itself is minimal. The reflected probe beam is directed onto a segmented position sensitive detector (PSD) positioned 1 m away, where the major axis of probe deflection is recorded by lock-in detection at the pump modulation frequency. Thus the probe response is measured from the root mean square (rms) output of the lock-in, R, representing the probe beam variation read by the PSD. Since the modulation of R is a function of the overlap efficiency of the two laser beams' projections onto the target sample plane, we examined the degree of overlap to within a fraction of a micrometre using the recently reported technique of remote detection of the optomechanical IR response of a multilayer gold coated silicon microcantilever (used as a detector here) [22] .
As depicted in figure 1 , considering a uniform Cartesian mesh over the region of interest
, we first note that each interrogated cell ij with the in-plane dimensions of ( x, y), may be characterized with two independent functions: (1) the topography z = f (x, y) and (2) the spectral properties s = g(x, y; λ) of the chemical content of the cell. The final map formed from the output of the PSD after a scan of will therefore constitute a spatial convolution of f and g. Since in the presented technique, when the pump beam is absent, the probe beam can provide an estimate for f , then formally g may be obtained from the method of deconvolution. We therefore aim to study s ij = g(x i , y j ; λ). For a thin layer of film with a thickness t and a known dielectric function on an arbitrary substrate with a dielectric function s , the relative reflectivity r of the probe beam, incident at a small angle α in free space, can be readily calculated. For the linearly polarized probe beam used, r ∝ α, t, Im( ) (and also ∝ Im(1/ ) for p polarization). Neglecting the minor potential (fixed) absorption of the probe beam, when the pump beam is absent, these parameters remain stationary. However, when the pump beam is turned on localized heating of the surface occurs. The pump heating leads to volumetric and thermooptical changes of these parameters, which in turn alter the reflectivity. The pump radiation is absorbed according to the chemical composition of the film on the surface , which is manifested by heating and thermal expansion of the surface. Thus a volumetric increase in the surface morphology is a consequence of an increase in absorption at a given wavelength.
Samples of glyphosate (Round-Up TM pesticide), purple cosmetic paint (Nail Savvy TM ), α-cellulose (Sigma) dispersed in water, 0.72 µm latex spheres (Interfacial Dynamics Corp, Portland, OR) dispersed in water and black enamel paint (FolkArt TM enamel, Licorice) were chosen because of the availability of spectral absorption features in the range of the QCL. Cosmetic paint is primarily composed of nitrocellulose (cellulose nitrate) [23] and the enamel paint is acrylic-based. The samples were disposed and dried on n-type silicon (Si) wafer and aluminium (Al) substrates for pump-probe testing. The samples were also applied in the same manner on ZnSe slides or Si wafers for independent verification with a Fourier transform infrared (FTIR) spectrometer (Spectrum GX, Perkin Elmer) at a resolution of 4 cm −1 , an interval of 1 cm −1 and an optical path difference velocity (scan rate) of 0.2 cm/s. We experimentally found PTS step sizes of 4-10 nm to be adequate for comparison to the FTIR spectra, taking into account the resolution setting of the FTIR spectrometer. The FTIR evaluations were performed in transmission, thus the coatings were considered optically thin.
Results and discussion
In figure 2 , the experimental results are plotted for raw R (blue), compensated R (black) and FTIR absorption spectra (red) of common substances. Compensated R accounts for the wavelength-dependent behaviour of the QCL power level which significantly alters the spectral signature of raw R. The power P L (λ) was measured by tuning the QCL over its entire wavelength range and monitoring the highly-sensitive, area-dependent deflection of a silicon microcantilever sensor that was placed in lieu of a sample surface, shown in the inset in figure 2(b) , and subsequently was used to calculate compensated R = R raw P L / max(P L ). In figure 2(a) , the PTS spectral signature of black enamel paint appears to have improved with compensation. In figure 2(c) , the probe response of glyphosate pesticide partially catches a major absorption peak centred at 8938 nm corresponding to the contributions of the stretching of the alkyl group with a possible contribution from the amine substituent. Over the frequency range measured by the laser, the PTS signal dropped significantly as the wavelength increased, as was also observed in absorption measurements with the FTIR. The PTS response also appeared to improve with compensation for cosmetic paint, shown in figure 2(d) . The spectrum of the cosmetic paint may partly originate from the absorption of the carbonyl group of the phenoxy group. For α-cellulose in figure 2(e) the compensation only partially improved the spectral signature and for polystyrene in figure 2(f ) the compensation had a less dramatic effect. The appearance of a higher degree of noise for α-cellulose and polystyrene may be explained in part by the relatively low overall IR absorption which is responsible for generating the PTS signal. A perspective of where the PTS measurements took place within the broad FTIR absorption spectra of the substances is provided in the insets in figures 2(a),(c)-(f ) , where the corresponding inset axes units are the same as the major plot. It is noted that the maximum absorption peaks of the samples were not necessarily in the range of the QCL; however, the QCL-based PTS method was still capable of detecting subtle variations in absorption.
Some discrepancies between the QCL-based PTS and FTIR spectra were anticipated. While the FTIR spectra can be background corrected for ambient conditions such as H 2 O and CO 2 , background correction of PTS remains a challenge. In interesting work by DeBellis and Low in 1988, the frequencydependent phase lag in the photothermal signal was used to compensate possible effects of photothermal saturation, which improved the spectral signatures [24] . Possible saturation of the PTS signal was also investigated by analysing the effect of the overall QCL operating power level on the spectral curve. For example on black enamel paint in figure 2(b) , the power level was changed by modifying the QCL current level (800, 900 and 1000 mA). As the operating power level was lowered the thermal response was reduced, however, in this case the peak-to-valley ratio was retained. Further differences between FTIR and PTS spectra in our work were identified to be attributable to wavelength-dependent modal changes of QCL that emerge in the probe response R shown in figure 3(a) . For each wavelength in the acquired spectra, the QCL beam near the focal distance was imaged with a beam profiler (Pyrocam III, Ophir Optronics) at a frame rate of 48 Hz. The beam profile was observed to markedly undergo intensity and shape variations as the wavelength was tuned. Representative profiles of the QCL beam (shown with the probe beam offset for visualization purposes) corresponding to selected wavelengths are displayed as inset images in figure 3(a) . To quantify this effect, the sum of the beam intensity I (λ) in an estimated area (u, w) that would overlap the probe beam is plotted. Another issue is the spatial overlap of the probe and pump beams. The overlap dependence on the probe response has been well documented by Aamodt and Murphy in 1981 [25] . Using the microcantilever sensor as described above, the pump-probe response over the range (current, wavelength, frequency) of the QCL was observed to be stable, thus we concluded that the spatial overlap stablility was sufficient for our work. However, correction for additional variations that might occur from modal changes that could affect the spatial overlap of the two beams as a function of frequency should also be considered. A non-optimal overlap of a probe beam with a shape-invariant excitation source would result in an overall reduction in the probe signal [25] . However, a discernable overlap offset with the QCL beam could produce an unpredictable spectral probe response depending on where the overlap occurs due to modal shape variations.
The effects from the Al and Si substrates were considered for both the QCL and probe laser. The close to unity reflectivity of Al at both the QCL (r ≈ 0.98) and the HeNe (r ≈ 0.9) lines practically poses no spectral variation in the signal whereas in the case of Si with 0.57 r 0.615 but negligible absorption in the QCL range, the significant absorption of about 0.22 at the probe line can constitute a stationary thermal source that can cause low frequency fluctuations in the data. This fluctuation is clearly visible in both Si-based data shown in figure 2(e), (f ). The absorption at the probe wavelength generates heat that propagates through the readout region, which, subject to conductive and convective thermal properties of the system including the surrounding air, can typically result in additional noise. In certain cases, the single wavelength of the low-power probe beam is expected to interact with the various sample-substrate systems. However, any potential minor thermal contribution of the probe is easily accounted for in our measurements. Similar considerations must be made for the reflectivity r of the substances at the probe wavelength. The total signal on the PSD is reduced when the light intensity of the probe is attenuated as a result of low reflectivity of the sample surface. For our samples, the black enamel paint and the purple cosmetic paint had the highest reflectivity, while the α-cellulose and polystyrene had the lowest reflectivity due to surface roughness. The α-cellulose and polystyrene samples were an aggregation of loosely-bound particles that produced high surface roughness, thus contributing to low reflection of the probe beam onto the PSD. The glyphosate pesticide sample was nearly transparent in the visible region, thus the probe response may be largely due to reflection off the underlying thermally expanded aluminium substrate from the IR absorption of the pesticide. This may explain why, although the QCL range encompassed a major absorption differential in the pesticide and should have yielded the highest signal, the probe response was less than that of the higher reflective paints. Furthermore, in our previous studies we have measured a nonlinear probe response from laser reflectometry on localized evolving curved surfaces of liquid [26] . In this PTS study, the confined thermal expansion of the surface also produces a similar volumetric effect, albeit much smaller. The effect of the nonlinearity would be to amplify the probe response as the thermal expansion and associated curvature increase, which may be advantageous.
The QCL-based pump-probe analysis could be extended to a rastered system where a spectrum may be taken at each point to form a hyperspectral image. To this end, the substrates were mounted on a precision translation stage allowing 3D control of the sample surface with respect to the pump-probe system. As a demonstration of a potential for hyperspectral capability, a 10 nm resolution spectral interrogation (s ij ) at each point ( x = 60 µm) of a 1.2 mm line scan across black enamel paint (0-0.48 mm), Al substrate (0.48-0.72 mm), and purple cosmetic paint (0.72-1.2 mm) is shown in figure 3(b) . Topographic contributions within the same material (∝ f ) were corrected using the sum signal of the PSD by assuming a height change would result in a partial probe deflection off of the PSD. While true hyperspectral imaging would process and sort spectroscopic information s ij into color codes representing the various target chemicals, the preliminary result of a 1D scan clearly distinguishes the three surface regions through spectral signatures.
Conclusion
The non-contact detection of one or more dominant thermal effects due to response to an IR source allows compositional analysis of the sample via absorption spectroscopy. However, measurements of remote substances have unique challenges. Pump-probe PTS configurations which have demonstrated vibrational spectroscopy, such as mirage detection and PDS, where the pump and probe beams are transverse, are not scalable to measurements at longer distances.
Pumpprobe PTS configurations where the pump and probe beams are nearly parallel and are able to interrogate at distances have not previously employed vibrational spectroscopy. We have demonstrated QCL-based pump-probe vibrational spectroscopy that can be applied to standoff sensing without the use of elaborate IR cameras, telescopes or detectors in acquiring a return signal, as is the case with current scattered radiation collection and thermal IR imaging methods. We have analysed the power and beam profile of the QCL as a function of wavelength, which needs to be considered when interpreting the return signal. For cases where the molecular species, the substrate on which they are found, or the superstrates in which they reside exhibit strong absorption in the spectral part of interest, the presented technique can provide an important circumvention to the often difficult collection of weak IR emission. Based on the preliminary cell-bycell measurements, our variation of PTS can be extended towards hyperspectral imaging. Common substances of organophosphate pesticide, paint, cosmetics, cellulose and polystyrene were evaluated by the QCL-based PTS technique and compared well with the reference FTIR spectra. The results are applicable to the standoff detection of a larger category of chemicals, as well as applications in other fields of research.
